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Measurements of the cross ection and forward-backward asymmetry for the reaction e+e - ~ ~t+~t - using the DELPHI detector 
at LEP are presented. The data come from a scan around the Z ° peak at seven centre of mass energies, giving a sample of 3858 
events in the polar angle region 22 ° < 0< 158 °. From a fit to the cross section for 43 ° < 0< 137 °, a polar angle region for which 
the absolute fficiency has been determined, the square root of the product of the Z°--,e+e- and Z°~/a+la- partial widths is 
determined to be (Fj'~)~/2=85.0_+0.9(stat.)_+0.8(syst.) MeV. From this measurement of the partial width, the value of the 
effective weak mixing angle is determined tobe sinZ(0w )= 0.2267 _+ 0.0037. The ratio of the hadronie to muon pair partial widths 
is found to be Fh/F~= 19.89_+0.40(stat.)+_0.19(syst.). The forward-backward asymmetry at the resonance peak energy 
EcMs = 91.22 GeV is found to be A vB = 0.028 +_ 0.020 (stat.) _+ 0.005 (syst.). From a combined fit to the cross section and forward- 
backward asymmetry data, the products of the electron and muon vector and axial-vector coupling constants are determined to 
be V¢ V~ = 0.0024 _+ 0.0015 (star.) _+ 0.0004 (syst.) and AeA, = 0.253 -+ 0.003 (stat.) +_ 0.003 (syst.). These results are in good agree- 
ment with the expectations ofthe minimal standard model. 
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1. Introduction 
A study of the reaction e+e-~p+p. - at energies 
around the Z ° pole can provide one of the cleanest 
tests available of the standard model [ 1 ]. Precise cal- 
culations of both the cross section and the forward- 
backward asymmetry can be made, including the ef- 
fects of realistic experimental cuts [ 2 ]. These calcu- 
lations include higher order electromagnetic and weak 
effects, and are not subject o assumptions about he 
final state electromagnetic radiation from quarks 
and/or hadrons, as is the case in the hadronic final 
states. Furthermore, the theoretical interpretation is 
free of uncertainties arising from final state QCD and 
hadronisation corrections. Experimentally the p+p-  
final state is distinctive and can be extracted cleanly 
from background processes. 
In this paper results are presented on the cross 
section 
O'•o (EcMs) =a(e+e-  ~ p+p- ) , 
where ECMS (=v/S) is the e+e - centre of mass en- 
ergy, and on the forward-backward asymmetry 
F o-B O" ta ~a ~ ~l a 
AFB(EcMs)  = aF ° +a..g " 
In this expression, V B au.(a.. ) is the cross section for 
the production of a p-  with cos 0> 0 (< 0), where 0 
is the angle of the p-  with respect to the incident e- 
direction. The results of a previous tudy of a..  as a 
function of EcMs, from data taken in 1989, can be 
found in ref. [3]. Results on this subject from the 
other experiments atsimilar energies can be found in 
ref. [4]. 
2. Apparatus and data collection 
Results are presented on data taken using the DEL- 
PHI detector at the LEP e+e - collider at CERN dur- 
ing 1990 at seven centre of mass energies. The values 
of x/~ used are those computed taking into account 
the results of the LEP beam energy calibration mea- 
surements [ 5 ]. The uncertainty on x/~ from the LEP 
measurements is _+ 0.02 GeV. 
Details of the DELPHI detector can be found in 
ref. [6]. The analysis procedure for the selection of 
candidate  +e- ~p+p-  events in the barrel region is 
similar to that presented in ref. [ 3 ]. In this analysis 
the polar angle range for the determination of cross 
sections has been increased to 43 ° < 0< 137 °. For the 
determination of the forward-backward asymmetry 
the polar angle range has been further extended to 
22 ° < 0< 158 °. This larger angular acceptance for the 
asymmetry measurements is important as the size of 
the error is related to the maximum absolute value of 
cos 0 in the data sample. 
Track reconstruction was performed using the time 
projection chamber (TPC), complemented by the 
inner (ID) and outer (OD) tracking detectors as well 
as chambers FCA and FCB in the forward region [ 6 ]. 
It was required that there were two tracks, one having 
a momentum greater than 20 GeV/c and the second 
having a momentum greater than 15 GeV/c, both 
coming from the interaction region. This region is 
defined by 18zl <4.5 cm and 6r< 1.5 cm, where 5z 
and 5r are the distances of closest approach to the 
nominal interaction point in the longitudinal and ra- 
dial directions respectively. The acollinearity angle 
between the two tracks was required to be less than 
10 °. It was further equired that there were no addi- 
tional charged particles with momenta greater than 5 
GeV/c. The momentum resolution on the recon- 
structed tracks used in this analysis can be seen in the 
distribution of the electric charge multiplied by the 
inverse of the momentum (fig. 1 ). This figure also 
demonstrates that the sign of the electric charge of 
the muons can be measured reliably, thus making 
possible a determination of the forward-backward 
asymmetry. The momentum resolution ap/p for the 
tracks in the barrel region (i.e. TPC plus ID and OD) 
is 0.08, for tracks having a momentum of about 45 
GeV. The corresponding resolution for tracks in the 
forward region (i.e. TPC plus 1D, FCA and FCB) is 
0.12. 
Three sub-detectors were used in the muon identi- 
fication in the barrel region. For the barrel muon 
chambers (MUB), identification was based on the 
association of the positions of the MUB hits with 
those expected from the extrapolation of the tracks. 
For the hadron calorimeter (HCAL), it was required 
that the energy deposited was consistent with that ex- 
pected for a minimum ionising particle; namely that 
the total energy deposited was less than a cut-off value 
243 




D , , , I  . . . .  , ,  , , I  . . . .  
-0100  -0  075 -0  050  -0  025  0 0 025  0050 0 075  0100 Charge/momentum lGeV *l 
Fig. 1. The distribution of the electric harge multiplied by the 
inverse momentum for reconstructed tracks in the polar angle 
range 22 ° < 0< 158 ° and used in the e+e - ~la+~t - analysis of the 
forward-backward asymmetry. 
(which was 10 GeV at 0= 90 ° and increasing to about 
15 GeV at 0= 55 °, and thereafter independent of 0) 
and that there were energy deposits in at least two of 
the four layers. For the barrel electromagnetic calo- 
rimeter (the high density projection chamber, HPC) 
it was required that there were energy depositions and 
that these were consistent with those expected from 
a minimum ionising particle (i.e. less than 1 GeV 
within _+5 ° in theta and + 10 ° in azimuth around 
the track extrapolated to the entry point of the HPC).  
It was required that each particle was identif ied as a 
muon by at least one of the three subdetectors men- 
tioned above in either the barrel or forward regions. 
Events in which one or both particles was identified 
as a hadron by HCAL (deposited energy greater than 
the above cut-off value) or in which both particles 
were associated with energy deposits greater than 10 
GeV in the HPC, and which had an acoll inearity an- 
gle greater than 1 ° were removed. The cosmic ray 
background was almost entirely removed by timing 
measurements u ing both the time of flight detector 
(TOF)  and the OD. In the forward region, the iden- 
tification procedure was similar to that in the barrel, 
utilizing the forward muon chambers (MUF) ,  the 
forward part of the hadron calorimeter and the for- 
ward electromagnetic calorimeter (FEMC),  for which 
an energy cut-off value of 3 GeV for a minimum ion- 
ising particle was used. 
The identification efficiency of each of the sub-de- 
tectors was measured from the data itself, by count- 
ing the number of muon-pairs found by a given sub- 
detector in a sample defined by the other two sub- 
detectors. The identif ication efficiences were mea- 
sured as a function of 0. From these studies it was 
found that the overall muon identif ication efficiency, 
which is the "or" of the three sub-detector efficien- 
cies, was 0.995_+0.002 over the 0 range 43°<0 
< 137 °. A more restrictive cut on the acoll inearity 
angle was made for the determination of the muon 
identification efficiency, in order to minimise the ef- 
fect of the z-background. 
The detection efficiencies and the validity of the 
method of the efficiency determination were cross- 
checked by generating a sample of ~*~t - events using 
the DYMU3 generator [7] and passing the simu- 
lated raw data from the DELPHI detector simulation 
program [ 8 ] through the same analysis chain as for 
the real data. Simulated events for the ~+x- final state, 
produced using the KORALZ generator [9], were 
also analysed for background studies. 
3. Cross  sect ion  for e+e - --,It ÷ Ix- 
The cross section for e+e ---,~t+~t - has been deter- 
mined for the sample of events in which at least one 
muon was in the polar angle region 43 ° < 0< 137 °. It 
was required that all the sub-detector components 
used in the analysis were fully operational. The num- 
ber of muon-pair events in this sample is 2475. The 
total integrated luminosity used for the determina- 
tion of the cross section is 3.9 pb-  l, corresponding to
about 81 000 hadronic Z ° events. 
In order to determine the cross section a~ the 
number of events at each energy was corrected for the 
efficiency of muon identif ication and by the follow- 
ing factors: 
- 1.067 + 0.005, for loss of tracks, mostly from the 
dead space of the TPC. The error on this correction 
includes that arising from imprecision on the cuts on 
momenta nd on the polar angle 0. 
- 1.019 + 0.003 for trigger efficiency; this was deter- 
mined by comparing which triggers fired, on an event 
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by event basis, f rom a redundant  set of  triggers based 
on the ID, TPC and OD track detectors and the TOF  
detector. 
- 0 .990+0.005,  for the x+T- background; this was 
est imated from Monte  Carlo s imulat ions as de- 
scribed above. 
- 0 .994+0.002,  for the residual cosmic ray 
background. 
The background from the process e+e -
e+e - p.+g- ,  where the final state e ÷ and e -  remains 
undetected, has been est imated using the event gen- 
erator descr ibed in ref. [ 10]. This background, to- 
gether with that f rom e+e- - - ,e+e - , is found to be 
negligible. 
The luminosi ty  was determined by using the cross 
section for the Bhabha scattering process e÷e - - ,e÷e -
at small angles and determin ing the number  o f  these 
events in a precisely def ined angular region, as de- 
scribed in ref. [ 11 ]. The est imated exper imental  sys- 
tematic  error on the luminosi ty  for this data sample 
is 0.8%. Combin ing  this with the est imated theoreti-  
cal uncertainty o f  0.5% gives a total systematic error 
on the luminosi ty  o f  0.9%, which reflects an im- 
proved understanding of  the sources of  theoretical  
uncertainty in the small angle Bhabha cross section 
[11].  
The cross section for e+e- - - ,g+~t - ,  as a funct ion 
of  the centre of  mass energy is given in table 1. The 
results are corrected for the cuts on momenta,  acolli- 
Table 1 
The number of selected events and cross sections tr,, for 
e+e - -, p_+g- for different centre of mass energies. The cross sec- 
tions are corrected for the cuts on momenta nd acollinearity an- 
gles and to the full solid angle. The errors are statistical only. The 
overall systematic error on these points is 0.8% on the total num- 
ber of g+g- events and 0.9% on the luminosity, including the 
estimated theoretical uncertainty on the luminosity. This gives a 
total systematic error of 1.2% on the cross sections. 
x/s No. of cry, 








0.229 + 0.042 






nearity and polar angles, and correspond to the full 
4n angular acceptance. The correct ion factors are 
computed using the formulae of  ref. [2].  The esti- 
mated uncertainty on this calculation is + 0.2%, and 
this is added quadrat ical ly to the above errors to give 
a total systematic error on the cross section of  0.8%, 
in addit ion to the error on the luminosity. The results 
are also displayed in fig. 2a, along with the result of  a 
fit to the data using the program ZF ITTER [ 12 ]. This 
program allows a precise calculation of  the cross sec- 
t ion in terms of  the mass Mz and width Fz of  the Z ° 
as well as the leptonic partial widths F~ (~ = e, ~t ). Fix- 
ing the mass and total width of  the Z ° to be Mz 
=91.181 GeV and Fz=2.455  GeV, as determined 
from an analysis of  the hadronic l ine-shape for the 
data given in ref. [ 11 ], the fit gives 
(FeF~)J/2=85.0+_O.9(stat.) +O 8(syst.) MeV,  
with a z2/d.o. f ,  of  8.1 / (7 -  1 ), and where the sys- 
tematic error includes a contr ibution of  0.6 MeV from 
the est imated uncertainty on Fz(  -+ 0.020 GeV)  and 
on Mz( -+ 0.022 GeV) ,  together with the systematic 
errors quoted above. The component  of  the above 
systematic error arising from the theoretical  uncer- 
tainty on the Bhabha cross section in the determina-  
t ion of  the luminosity is 0.2 MeV. The result for 







, , I , i I i , I 
875 900 925 950 
f~ I feV]  







k I l , I i i E 
-06 87 5 gO0 92.5 95.0 
./'~ ( leVI  
Fig. 2. (a) Cross sections and (b) forward-backward asymme- 
tries for e+e---qa+g - as a function of the centre of mass energy 
around the Z ° pole. The cross sections and asymmetries are cor- 
rected to full 4n angular acceptance. The errors shown are statis- 
tical only. The curves are the results of fits to the data as de- 
scribed in the test. 
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vious analysis [3], based on a much smaller event 
sample. 
In the minimal standard model the leptonic partial 
width can be expressed in terms of an effective weak 
mixing angle sinZ(0w ) [ 13]. Combining the statisti- 
cal and systematic errors in quadrature gives 
F~= 85.0_+ 1.2 MeV from which we obtain 
sin2 (0w) =0.2267 _+0.0037. 
The ratio of the muon-pair to hadronic cross sec- 
tions has also been determined. The selection proce- 
dure and correction factors of the hadronic events are 
similar to those described in ref. [ 11 ]. This quantity 
is free of uncertainties in the luminosity. Combining 
the results for all beam energies, and correcting this 
ratio for the effects of the s-channel photon contri- 
bution, gives the following ratio for the partial widths 
Fh/F,= 19.89 +_ 0.40(star.) +_0.19(syst.). 
In the minimal standard model the value of F~ de- 
pends on the top quark mass mt and the mass of the 
neutral Higgs scalar mH. For 50 ~< mt ~< 230 GeV and 
40 ~< mH ~< 1000 GeV the expected values for F~ are in 
the range 83.0 to 84.9 MeV (with the variation com- 
ing primarily from mr). The ratio ofhadronic to muon 
pair partial widths is rather insensitive to the varia- 
tion of the top quark and Higgs boson masses. How- 
ever, this ratio does depend on the value of the strong 
coupling constant c G Taking c~=0.110+_0.003 
(stat.) +_0.003 (scale error),  as determined by the 
DELPHI experiment [14], the minimal standard 
model predicts a value of 20.69 +_ 0.05. 
A combined fit to the muon and hadron cross sec- 
tion data has been made with the top-quark mass as 
a free parameter. The values of Mz, mH and a~ were 
allowed to vary within the ranges quoted above. 
Within the context of the minimal standard model 
the top-quark mass is found to be less than 200 GeV 
at the 95% confidence level. 
4. Forward-backward asymmetry 
For this analysis it was required that there was at 
least one muon in the polar angle region 
22 ° < 0< 158 °. The absolute detection efficiency has 
not yet been determined for the extended parts of this 
polar angle region, however only the relative detec- 
9 May 1991 
tion efficiency as a function of angle is required for 
this analysis, and the inclusion of this region in- 
creases the precision significantly. The other selec- 
tion criteria are the same as those described above, 
except that a less restrictive set of data taking runs 
was used since an absolute normalisation is not re- 
quired. The resulting sample contained 3858 events. 
In this sample there are 87 (27) apparently like-sign 
muon-pair events [56 ( 11 ) positive pairs and 31 (16) 
negative pairs ], where the numbers in parentheses are 
for the restricted angular egion 43 ° < 0< 137 °. For 
these events the charge assignment was based on the 
charge of the particle with the smaller momentum er- 
ror. The relative muon detection efficiency 
~ (Icos 01 ) was determined by comparing the num- 
ber of events found as a function of l cos 01 with the 
distribution ( 1 + cos20). This function was then used 
to compute the factor by which the measured value 
of the forward-backward asymmetry should be cor- 
rected for inefficiencies and to correspond to the full 
(4~z) angular ange. The resulting values, as a func- 
tion of EcMs, are given in table 2 and shown in fig. 
2b. The errors shown are statistical only. The values 
of Ava are not corrected for the momenta nd acolli- 
nearity cuts. 
Possible systematic uncertainties on AvB can arise 
from several sources: the wrong assignments of the 
charges of the particles; differences in the detection 
efficiencies of positive and negative particles in the 
forward and backward hemispheres; or in systematic 
differences in the momentum or polar angle values 
determined for positive and negative tracks in the 
Table 2 
Results of measurements of the forward-backward asymmetry 
AvB for different centre of mass energies. The results are cor- 
rected to the full solid angle, but not for the cuts on momenta nd 
acollinearity. The errors are statistical only. The overall system- 
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forward and backward hemispheres. From a series of  
studies into the above effects, the systematic error on 
the asymmetry is estimated to be 0.5%. 
For the peak cross section point, EcMs= 91.22 GeV, 
the value obtained is 
A eak 8 + FB = 0.02 _ 0.020 (stat.) _+ 0.005 (syst.) 
The change in sign of Ava, from negative below the 
Z ° pole to positive above it, arises from a change in 
sign of  the interference term of the photon and Z ° 
exchange diagrams in passing through the pole. Also 
shown in fig. 2 are the results of  a combined fit to AFB 
and the cross section data a , ,  (the curves overlaying 
the cross section points in this fit and the previous 
one are indistinguishable). In this fit Mz and Fz were 
fixed at the values given above and the fit was per- 
formed using ZF ITTER [ 12 ]. In the fit the cross sec- 
tion and forward-backward asymmetry were calcu- 
lated in terms of Mz and Fz and the vector and axial- 
vector coupling constants of the electron and muon. 
At tree level in the standard model, the relationships 
between these couplings and the forward-backward 
asymmetry and leptonic partial width are 
GyM 3 
- -  V~ +A~)  G_ 6x /~ ( 2 2 ,  
VeAe Vla Ala 
A~ak  = 3 
V~+A~ 2 2 , V.+A.  
with 
V~, V~=-½+2 sin20w, 
Ae,Ao= -½ , 
where 0w is the weak mixing angle. Higher order elec- 
troweak corrections modify the values of V~, V,, Ae 
and A,, whilst essentially preserving the tree-level re- 
lations for the asymmetry and partial widths. These 
corrections are included in the calculations of ref. 
[ 12]. The result of the fit is 
V~ V, = 0.0024 _+ 0.0015 (stat.) _+ 0.0004 (syst . ) ,  
A~A, = 0.253 _+ 0.003 (stat.) _+ 0.003 (syst.) 
with a z2/d.o.f, of 12.5/( 14 -  2 ), and where the sys- 
tematic errors include the effect of  the uncertainty on 
the measurement of Fz and Mz. If we take the sign of  
these couplings to be negative, as determined by other 
experiments [ 13 ], then we obtain 
V~=-(voG)  1/2 
+0019 = - 0.048_ o:o14 (stat.) + 0.004 (syst. ) ,  
A~ = - (AeAI~) 1/2 
= - 0.503 _+ 0.003 (stat.) _+ 0.003 (syst . ) .  
Fig. 3 shows this result and the contours for the 70% 
and 95% confidence levels, in the V~, A~ plane, along 
with the predictions of the minimal standard model, 
assuming lepton universality and for a range of val- 
ues of  the top quark and Higgs masses. It can be seen 
that the data are in good agreement with the model. 
5. Summary and conclusions 
The square root of the product of the Z ° to e+e -
and la+g - leptonic partial widths has been deter- 
mined to be 
(FeF,) 1/2= 85.0-+ 0.9(stat.)  __ 0.8 (syst.) MeV.  
From this measurement of the partial width, the value 
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Fig. 3. Measured values of V~ and As, together with contour plots 
for the 70% and 95% confidence l vels. Also shown are the pre- 
dictions of the minimal standard model for a range of values of 
the top quark mass (as shown ) and for a Higgs mass in the range 
40 to 1000 GeV, which gives rise to the width of the band shown. 
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sin z (~)  = 0.2267 + 0.0037.  
The ratio of  the hadronic and muon pair  partial 
widths is 
Fh/F,= 19.89 + 0.40(star.)  +0 .19(sys t . ) .  
The forward-backward asymmetry at EcMs= 91.22 
GeV is found to be 
A ~ak = 0.028 + 0.020 (stat.) + 0.005 (syst . ) .  
A fit to a~, and Av8 gives the fol lowing values for the 
product of  the electron and muon vector and axial- 
vector coupl ing constants 
Ve V, = 0.0024 + 0.0015 (stat.) + 0.0004 (syst . ) ,  
,4cA, = 0.2 53 + 0.003 (star.) + 0.003 (syst , ) .  
The results of  this analysis are in agreement with 
the expectat ions of  the min imal  standard model.  
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